origin somewhere in the Jupiter-Neptune region. However, Mumma et al. (1996) point out that an abundance of Ethane, methane, and acetylene were detected in Comets C/1996 B2 Hyakutake and C/1995 O1 Hale-Bopp. In order C 2 H 6 comparable with that of CH 4 (true for Hyakutake) to investigate the possibility of condensed-phase synthesis of implies that the ices did not originate in a thermochemi-C 2 H 6 in interstellar ices, we have examined the role of CH 4 and cally equilibrated region of the solar nebula. Instead these C 2 H 2 in the radiation synthesis of C 2 H 6 in laboratory-formed abundances are consistent with production of C 2 H 6 in inlow-temperature ices. Mixtures such as H 2 O ؉ CH 4 , H 2 O ؉ terstellar icy grain mantles which might be due to hydro-C 2 H 2 , H 2 O ؉ CH 4 ؉ C 2 H 2 were irradiated. Many mixtures were gen-addition reactions to acetylene condensed from the investigated using different concentrations of hydrocarbons.
INTRODUCTION
ethane, and acetylene are very limited. Pure methane at 77 K has been Ͳ-irradiated (Davis and Libby 1964) and Abundant ethane (C 2 H 6 ) and methane (CH 4 ) (Mumma H 2 and C 2 H 6 were detected as gas-phase products. , along with acetylene (C 2 H 2 ) (Brooke et al. residue was a viscous oil consisting of saturated and highly 1996), were detected in Comet C/1996 B2 Hyakutake. The branched hydrocarbons containing an average of about 20 abundances of C 2 H 6 and CH 4 relative to H 2 O were 0.4 carbon atoms per molecule. The rate of formation of solid and 0.7%, respectively, and the abundance of C 2 H 2 was residues from MeV ion irradiated condensed CH 4 and their 0.3-0.9%. Similarly, C 2 H 6 , CH 4 , and C 2 H 2 were detected physical properties have been examined by Foti et al. in Comet C/1995 O1 Hale-Bopp with preliminary produc-(1984 and Calcagno et al. (1985) . Lanzerotti et al. (1985) tion rates relative to water of C 2 H 6 , 0.48%; CH 4 , 0.62%;
showed that solid CH 4 (20 K) decomposes under keV proand C 2 H 2 , 0.09% (Weaver et al. 1998) . See also Mumma ton bombardment, loses H, and evolves to an ice with a et al. (1997) for observations giving a C 2 H 6 abundance of C/H ratio of about 2; de Vries et al. (1984) detected various 0.13% on an earlier date. Both comets are thought to have hydrocarbons including C 2 H 2 sputtered from the surface had previous apparitions so that observed coma molecules of 15 K CH 4 during irradiation. Kaiser and Roessler (1992) come from subliming interior ices and not surface ices compared films of CH 4 ice with closed targets of CH 4 ice thought to have the largest amount of radiation processing irradiated with 18-MeV protons and 17-MeV 3 He 2ϩ ions. from 10 9 years in the Oort cloud region. Hyakutake and Hale-Bopp are thought to be Oort cloud objects with an C 2 H 2 , C 2 H 4 , and C 2 H 6 were detected as volatile products from both types of ice samples. Heavier hydrocarbons, is sufficient to reach a plateau in the formation rate of new species. In our experiments, protons are a source of energy cyclic compounds, and PAH molecules were detected using a variety of techniques. IR spectra of UV-photolyzed pure for ionizations and excitations. In a H 2 O-dominated mixture, major products are H atoms and hydroxyl (OH) radi-CH 4 (10 K) (Gerakines et al. 1996 and references therein) show the synthesis of C 2 H 6 and C 3 H 8 , along with C 2 H 4 and cals (Spinks and Wood 1990 Stief et al. (1965) produced CO, CO 2 , H 2 , and C 2 H 6 ; coronal discharge exDetails concerning our laboratory setup and techniques are already in print (Moore et al. 1996, Hudson and Moore periments on a 6 : 1 H 2 O ϩ CH 4 ice showed darkening and the formation of a residue generally identified with alkanes, 1995, and references therein). Basically, H 2 O-rich ice mixtures a few micrometers in thickness were formed on an alkenes, and aldehydes (Thompson et al. 1987) . Moore (1981) reported the IR detection of CO, CO 2 , and C 2 H 6 aluminum mirror attached to the cooled tail (T Ͻ 20 K) of a cryostat in a vacuum chamber (P ȁ 10 Ϫ8 torr). The in a 1-MeV proton irradiated H 2 O ϩ CH 4 (2 : 5) ice at T Ͻ 20 K.
mid-IR spectrum of an ice was recorded before and after irradiation with MeV protons at T Ͻ 20 K. Spectra were Experiments on radiation processing of C 2 H 2 and C 2 H 6 are even more limited. Radiation-induced polymerization nearly always 60-scan accumulations at 4 cm Ϫ1 resolution from 400 to 4000 cm
Ϫ1
. of condensed-phase pure acetylene has been studied by Floyd et al. (1973 and references therein) . Diacetylene, Gas-phase H 2 O-dominated mixtures with different organics were made in a glass bulb external to the cryostat. benzene, and possibly polymers of benzene were observed. During preliminary experiments using 1-MeV proton irra-A list of the source and purity of gases and liquids used in this experiment is given here: triply distilled H 2 O with diation of 15 K C 2 H 2 ice in our laboratory, the infrared features of diacetylene were detected along with an insolu-a resistance greater than 10 7 ohm cm; CH 4 , Matheson research grade, 99.999%; C 2 H 2 , Matheson, purified using ble room temperature residue (Moore, unpublished results) . Thompson et al. (1987) and Khare et al. (1993) a slush bath at 173 K; C 2 H 4 , Matheson research grade, 99.99%; C 2 H 6 , Air Products CP grade; C 3 H 8 , Scientific Gas showed that the infrared spectrum of the organic residue from a coronal-discharged H 2 O ϩ C 2 H 6 ice contained alco-Products research grade, 99.99%; CH 3 OH, Sigma-Aldrich HPLC grade, 99.9%; C 2 H 5 OH, Pharmco, absolute; CO, hol, alkanes, and aldehyde or ketone features.
Because of the high abundance of C 2 H 6 in Comets Hya-Matheson research grade, 99.99%; CH 3 CHO, Aldrich, 99.0%; H 2 CO, Fisher, purified trioxymethylene. Gases kutake and Hale-Bopp, we were particularly interested in understanding the role of CH 4 and C 2 H 2 in the formation were mixed in a glass bulb in which the concentration of each was determined by its pressure. of C 2 H 6 in irradiated icy mixtures dominated by H 2 O. Therefore, we discuss in this paper the results of a systemIce thickness was determined by measuring laser interference fringes during deposition. Deposition rates typiatic laboratory study which is more comprehensive than any previous work. In this study, the radiation synthesis of cally were 1-5 Ȑm h Ϫ1 . The ice thickness, mixture ratio (used to determine the average molecular weight), and C 2 H 6 in water-dominated icy mixtures containing organics such as CH 4 and C 2 H 2 was examined using IR spectros-integrated area of selected IR absorption bands were used to calculate integrated absorbances (A, in units of cm molecopy. We examined several icy mixtures with different concentrations. Synthesis of C 2 H 6 was observed in all ex-cule Ϫ1 ). Each A value was calculated for the most intense band unobscured by H 2 O absorptions, since our objective periments. The role of H addition as the formation mechanism was considered as a pathway for C 2 H 6 . Many other was to measure product yields for organics in a water mixture. Table I is a summary of the A values we deterradiation products were also identified.
Current models for the origin and history of cometary mined along with several values previously reported in the literature. Integrated absorbances were used to calculate ices (accretion of interstellar ices and grains or accretion from reprocessed cometary volatiles in the solar nebula or the column density of molecules synthesized in an irradiated mixture (calculated by dividing the integrated area some combination thereof) suggest that it is likely that energetic processing (both ion irradiation and UV) plays of the molecular band by the appropriate value of A).
Overlapping bands were separated by standard curve fitan important role at some stage in affecting the composition of cometary ices. Strazzulla and Baratta (1992) , for ting techniques. We assumed an ice density of 1 g cm Ϫ3 for all mixtures. More details about these types of calculaexample, suggest that 10 3 eV molecule Ϫ1 is a possible accumulated ion dose over 10 9 years for precometary materials. tions are given, for example, in Hudgins et al. (1993) .
Protons from a Van de Graaff accelerator were used to Our laboratory dose is less than 40 eV molecule
, which Schutte et al. (1993) .
to form the experimental ices were used when condensing these reference ices. Figure 3 summarizes the column density of C 2 H 6 formed irradiate the ice films. A nickel beam foil was used to in the three different H 2 O ϩ CH 4 ices as a function of separate the vacuum of the accelerator from the clean proton dose. All experiments were normalized to a mixture vacuum of the cryostat area. The measured energy of pro-whose CH 4 initial column density was 2.3 ϫ 10 18 CH 4 cm Ϫ2 . tons after passing through this foil was 0.8 MeV. The pro-The column density of C 2 H 6 reaches a plateau around 5-10 tons passed through the ice and came to rest in the alumi-eV molecule
. Our data show the amount of C 2 H 6 formed num substrate resulting in a current (typically 0.5-1 ϫ 10 Ϫ7 was directly related to the initial concentration of CH 4 in amps) which was measured to determine the radiation the mixture. Hudson and Moore (1997) discussed H-atom dose. The stopping power (eV cm 2 g Ϫ1 ) for 0.8-MeV pro-abstraction from CH 4 , followed by the dimerization of the tons in each ice mixture was calculated from the weighted resulting CH 3 radical as a likely formation mechanism for average of the stopping power for each molecular compo-C 2 H 6 . This mechanism is most efficient when the nearest nent. Stopping power multiplied by the beam fluence (protons cm
Ϫ2
) and divided by the average molecular density gave the dose (eV absorbed average-amu-molecule Ϫ1 ). We converted each dose to eV (18 amu)
Ϫ1
, which we call simply eV molecule
. A fluence of 1.5 ϫ 10 15 protons cm Ϫ2 was near 17 eV molecule
. G-values (number of molecules altered per 100 eV absorbed energy), also called ''yield,'' were calculated by knowing the fraction of new product relative to the unirradiated ice ratio.
RESULTS
The results of four irradiation experiments are discussed in this paper: In Experiment 1, icy mixtures of H 2 O ϩ CH 4 with different concentrations were irradiated to determine the resulting yield of C 2 H 6 . In Experiment 2, the formation of C 2 H 6 in irradiated H 2 O ϩ C 2 H 2 mixtures was studied. In Experiment 3, both CH 4 and C 2 H 2 in a water-dominated mixture were irradiated to form C 2 H 6 . Finally, in Experiment 4 the radiation products from a four-component ice mixture (H 2 O ϩ CH 4 ϩ C 2 H 2 ϩ CO) were examined. In all experiments, C 2 H 6 was synthesized, along with other for those components which level out and one that is common to all experiments in this paper). A negative G-value for CH 4 indicates a decrease in column density; synthesized neighbor to a CH 3 radical is another CH 3 , and least effi-molecules have positive G-values. The bar graph in Table  cient when CH 3 is surrounded by H and OH fragments, II summarizes the results; each experiment was normalized as is typical of the 15 : 1 and 7 : 1 mixtures.
to the product with the largest column density in that To illustrate the changes in column density of product particular experiment. species with proton dose, data for the H 2 O ϩ CH 4 (7 : 1) B. Experiment 2 mixture have been plotted in Fig. 4 . As the dose increased, a plateau was reached in the formation of alcohols, but Two different concentrations of H 2 O ϩ C 2 H 2 were irra-CO 2 , CH 3 CHO, and H 2 CO continued to slowly rise, diated, 4 : 1 and 15 : 1. Figure 5 is the spectrum of whereas CO and C 3 H 8 slowly decreased. Table II compares H 2 O : C 2 H 2 (4 : 1) before and after proton irradiation to a the column densities of each of these components for the dose of 17 eV molecule
Ϫ1
. Unlike irradiated pure acetylene, three H 2 O : CH 4 ice concentrations after a proton dose of neither diacetylene nor polymers were detected when C 2 H 2 17 eV molecule Ϫ1 (a dose high enough to reach a plateau was irradiated with H 2 O. The identification of C 2 H 6 as a radiation product and the calculation of its column density was done using the bands on the wing of the water feature at 2976 cm
. Many new features are identified in the expanded spectrum in the 2000 to 800 cm Ϫ1 range shown in Fig. 6 . Ethylene, C 2 H 4 , was identified by comparison with a reference spectrum of H 2 O ϩ C 2 H 4 (20 : 1). The column density of C 2 H 2 continuously decreased during irradiation, C 2 H 4 increased and then began to decrease, and C 2 H 6 continuously increased. This observation is consistent with the idea that H atoms, produced by the proton irradiation of H 2 O, react with C 2 H 2 in a stepwise fashion, creating C 2 H 4 , which then is used to form C 2 H 6 (Hudson and Moore 1997) . Experiments on irradiated H 2 O ϩ C 2 H 4 (spectra not shown) showed the conversion of C 2 H 4 into C 2 H 6 followed by the rise in C 2 H 5 OH and a lag in the increase in CH 3 OH to a value about an order of magnitude less than the C 2 H 5 OH after 17 eV molecule was mainly the formation of C 2 H 5 OH with an abundance Fig. 7 . In this experiment an expansion of the region between 2000 and 800 cm Ϫ1 is not shown because it reOur determination of C 2 H 6 yields in different water ϩ hydrocarbon mixtures, and the identification of new infravealed the same array of products as identified in Experiment 2 along with the sequence C 2 H 2 Ǟ C 2 H 4 Ǟ C 2 H 6 . red features, constitutes a more detailed study of the radiation products than previously available. These experiments Experiment 4 involved a four-component mixture, namely H 2 O ϩ CH 4 ϩ C 2 H 2 ϩ CO (10 : 0.8 : 1 : 0.2). This experi-show how the radiation products in an H 2 O ice differ from those in a pure hydrocarbon, and are dependent on the ment (spectra not shown) showed more CO 2 and H 2 CO formation than Experiment 3, due to the initial presence initial H 2 O abundance. Specifically, the results summarized in Table II for H 2 O ϩ CH 4 ice irradiations show increased of CO, but otherwise produced the same array of products. Table III summarizes the column density of new molecules C 2 H 6 formation with increasing initial CH 4 abundance (decreasing H 2 O abundance). Further, in our H 2 O : CH 4 ϭ synthesized after proton irradiation in all four experiments and lists the calculated G value for each product. In this 2 : 1 strongest mixture, the C 2 H 6 yield is higher than that CH 4 Ǟ CH 3 ϩ H. of any other product. In contrast, with the weaker H 2 O ϩ CH 4 mixtures CH 3 OH has higher yields than C 2 H 6 .
The reactive methyl radicals subsequently dimerize to The dependence of the C 2 H 6 and CH 3 OH yields on the form C 2 H 6 : initial H 2 O : CH 4 ratio can be understood in terms of wellknown radiation chemical reactions. Proton irradiation of CH 3 ϩ CH 3 Ǟ C 2 H 6 . CH 4 initiates a set of rapid reactions with the end result being the formation of H atoms and methyl (CH 3 ) radicals: However, when H 2 O is present proton irradiation also produces H atoms and hydroxyl (OH) radicals:
So in cases in which both CH 4 and H 2 O are initially present the CH 3 from CH 4 can react with OH from H 2 O to form CH 3 OH, in competition with CH 3 dimerization to produce C 2 H 6 :
This means that C 2 H 6 production should be greatest when the H 2 O concentration is smallest, as was observed. In the presence of H 2 O this last reaction ensures CH 3 OH production.
Table V summarizes the C 2 H 6 : CH 4 ratios in our irradiated H 2 O ϩ CH 4 mixtures (Experiment 1). Despite the ready production of C 2 H 6 , Table V shows that none of the three C 2 H 6 : CH 4 ratios is as large as those observed in Hyakutake or Hale-Bopp. Irradiation of simple, binary H 2 O ϩ CH 4 mixtures failed to convert enough CH 4 to FIG. 6. Synthesis of C 2 H 4 in irradiated H 2 O ϩ C 2 H 2 ice (2000-800 C 2 H 6 . In contrast, our H 2 O ϩ C 2 H 2 ices (Experiment 2) cm Ϫ1 ) was confirmed by comparing the irradiated ice spectrum with produced yields of C 2 H 6 of the same order of magnitude H 2 O ϩ C 2 H 4 (20 : 1). New species other than C 2 H 4 were identified using reference spectra shown in Fig. 2 .
as in H 2 O ϩ CH 4 ices (Table III) but the ratios generally Table V gives addition reactions. This means that H and OH addition to C 2 H 4 should result in C 2 H 5 OH formation, which is ob-C 2 H 6 : CH 4 and C 2 H 6 : C 2 H 2 ratios for our H 2 O ϩ C 2 H 2 experiments and also for Hyakutake and Hale-Bopp. The served: C 2 H 6 : CH 4 and C 2 H 6 : C 2 H 2 ratios from our 15 : 1 experiment compare favorably to both of the Hyakutake ratios.
C 2 H 4 ϩ OH Ǟ C 2 H 4 (OH) However, for Comet Hale-Bopp, the same comparison C 2 H 4 (OH) ϩ H Ǟ C 2 H 5 OH. shows that our C 2 H 6 : CH 4 ratio matches the Hale-Bopp value but our C 2 H 6 : C 2 H 2 ratio is much too small.
It is possible, of course, for hydroxyl radicals to add directly To explain the production of cometary C 2 H 6 , Mumma to the original C 2 H 2 molecules. However, the addition of et al. (1996) suggested hydrogen-atom additional reactions.
OH and H to acetylene usually results in a rearrangement This proposal certainly is consistent with all results from to the more stable product, acetaldehyde (CH 3 CHO): our Experiment 2. H atoms arise from proton irradiation of H 2 O, and then add sequentially to C 2 H 2 to form C 2 H 4 and then C 2 H 6 . These reactions have been described pre-C 2 H 2 ϩ H Ǟ C 2 H 3 viously (Hudson and Moore 1997) :
Acetaldehyde was indeed an observed product in our
We have not investigated the mechanism for synthesis of CH 4 in our H 2 O ϩ C 2 H 2 mixtures (Experiment 2). One C 2 H 3 ϩ H Ǟ C 2 H 4 possibility is the initial formation of C 2 H 6 from C 2 H 2 , fol-C 2 H 4 ϩ H Ǟ C 2 H 5 lowed by dissociation into CH 3 radicals. Subsequent Hatom addition, or H-atom abstraction from another mole-C 2 H 5 ϩ H Ǟ C 2 H 6 .
cule, would convert CH 3 into CH 4 . Alternatively, one or more excited states of C 2 H 2 may lead to dissociation into CH radicals which quickly form CH 4 , or perhaps insertion There is little chance of detecting the intermediate C 2 H 3 (vinyl) and C 2 H 5 (ethyl) radicals with our IR methods, reactions are relevant (Roessler 1992) . For the present, such possibilities remain speculative. which are not particularly sensitive to low concentrations of reactive intermediates. However, some additional evi-
The most complex mixtures we irradiated were in our Experiments 3 and 4, and Table V gives the C 2 H 6 : CH 4 dence for this pathway to C 2 H 6 comes from the fact that H atom reactions take place in competition with OH radical and C 2 H 6 : C 2 H 2 ratios measured in those experiments. in Hyakutake. CO and CO 2 were always detected as radia-
